Ofloxacin Degradation a b s t r a c t Boron-doped TiO 2 was supported on HZSM-5 zeolite in a sol-gel route to prepare B-TiO 2 (x%)/HZSM-5 composites. The composites are composed of anatase TiO 2 and HZSM-5 zeolite. The crystallite size of anatase TiO 2 decreases after loading B-TiO 2 on HZSM-5 zeolite. The SEM and TEM images of the composite show the dispersion of the B-TiO 2 crystals on the external surface of HZSM-5. The bandgap energies of B-TiO 2 (x%)/HZSM-5 composites are approximately 3.2 eV. The N 2 adsorption-desorption isotherms indicate that B-TiO 2 is a mesoporous material and HZSM-5 zeolite is a microporous material. The mesoporous B-TiO 2 layer is loaded on the external surface of the zeolite and does not enter into the inner micropores. The XPS results indicate the unchanged chemical environments of both titanium and oxygen in the supported B-TiO 2 . The B-TiO 2 (x%)/HZSM-5 composites have higher photocatalytic activity than the unsupported B-TiO 2 . The optimum B-TiO 2 loading content is 20% in the composite, and 55.3% of the original ofloxacin molecules were degraded on the sample after 30 min of irradiation. Photocatalytic oxidation not only causes breaking up of the ofloxacin molecules, but also leads to decomposition of the major functional groups of the ofloxacin molecules.
Introduction
Antibiotics in the wastewater of pharmaceutical plants are among the most concerned hazardous pollutants that have to be removed from the wastewater before discharging. These harmful substances can hardly be removed through the traditional biochemical techniques. Deep oxidation methods such as photocatalysis are used to handle most kinds of hazardous organic substances [1] [2] [3] . Ofloxacin in the wastewater can also be degraded during photocatalytic oxidation process [4] [5] [6] [7] [8] . Photocatalytic oxidation efficiency depends mostly on the activity of photocatalytic materials [9] . During more than fifty years of investigation in this field, TiO 2 -based material is always the research focus and is the most applied material [10] [11] [12] [13] . On the other hand, pure TiO 2 is not the optimal choice in wastewater treatment at most conditions, and modification is necessary to improve the performance of TiO 2 [14, 15] . The essential purpose of modification is to enhance the activity of pure TiO 2 , and another purpose is to make it applicable to complex water treating conditions. A mostly adopted modification method is the doping of nonmetal ions in TiO 2 matrix, either in the voids of TiO 2 crystal skeleton or by substitution [16] [17] [18] . Simsek [19] . We reported the sol-gel preparation of hollow spherical x%B-TiO 2 photocatalyst to study the effect of boron content on RBR X-3B decoloration [20] , and the effects of boron content and calcination temperature on properties of B-TiO 2 photocatalyst prepared by a solvothermal method [21] . Powder material is not suitable for most wastewater treatment conditions since the separation of fine powders and water is difficult. To solve this problem, photocatalytic material can be used in the supported form, and the performance of the supported material depends on the properties of the support [22] [23] [24] .
ZSM-5 zeolite, with highly ordered micropores, surface acidity, and ion-exchange capacities, is one of the most widely applied inorganic materials as catalyst support, adsorbent, and molecular-sized space for various chemical or photochemical reactions. In this work, we loaded boron-doped TiO 2 on HZSM-5 zeolite in a sol-gel route. The B-TiO 2 (x%)/HZSM-5 composites were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), UV-Visible diffuse reflectance spectrometry, N 2 adsorption-desorption technique, X-ray photoelectron spectroscopy and fluorescence spectrophotometry. Photocatalytic degradation of ofloxacin on the B-TiO 2 (x%)/HZSM-5 composites was evaluated to show the effects of supporting on photocatalytic activity.
Experimental

Synthesis of B-TiO 2 (x%)/HZSM-5 composites
Boron-doped TiO 2 was loaded on the surface of HZSM-5 zeolite particles by sol-gel method. Ultrapure water (0.9 mL) was dissolved in 4 mL anhydrous ethanol to prepare precursor A. Tributyl borate (0.045 mL) and tetrabutyl titanate (2 mL) were dissolved in 8 mL anhydrous ethanol, and hydrochloric acid (0.1 mL) was added in the solution to prepare precursor B. Precursor A and HZSM-5 zeolite were mixed with precursor B, and the mixture was stirred for 30 min to obtain a gel. The gel was dehydrated at 80 • C for 10 h, and the solid was calcined at 450 • C for 3 h. The products are denoted as B-TiO 2 (x%)/HZSM-5, where x% is the loading content of B-TiO 2 in the composites. The molar ratio of n(B)/n(Ti) is 0.03:1 in the boron-doped TiO 2 , representing the optimal boron doping ratio in TiO 2 [20] .
Characterization methods
The XRD pattern of the material was taken on a D8 Advance X-ray diffractometer (Cu K␣, = 1.5416 Å). The SEM image of surface morphology was obtained by a QUANTA 250 scanning electron microscope. The TEM image of the material was taken on a FEI Tecnai G2 20 transmittance electron microscope. The UV-vis diffuse reflectance spectrum was obtained by a LAMBDA 35 UV-vis spectrometer. N 2 adsorption-desorption was conducted on an ASAP 2460 surface area and pore size analyzer. XPS analysis was performed on an ESCALAB 250Xi X-ray photoelectron spectroscopy (Al K␣). The steady-state PL spectra of gadolinium titanate were recorded by a LS55 fluorescence spectrophotometer. Table 1 gives lattice parameters of anatase TiO 2 in B-TiO 2 (x%)/HZSM-5 composites with respect to B-TiO 2 loading content. The preferred (101) plane was used to calculate the crystallite size of anatase TiO 2 in the composite. According to the Scherrer equation, the crystallite size is inversely proportional to the line broadening at half the maximum intensity (FWHM). The crystallite size of anatase TiO 2 in the unloaded B-TiO 2 powders is 10.6 nm. The preparation conditions of boron-doped B-TiO 2 powders, i.e. precursor composition, boron content, and calcination conditions, were optimized to obtain high photocatalytic activity, as reported in our previous work [20, 21] . The as-prepared B-TiO 2 powders have high photocatalytic activity on azo dye degradation. One of the effects of loading B-TiO 2 on the surface of HZSM-5 zeolite is the reduced crystallite size of anatase TiO 2 . This phenomenon is quite similar to pure TiO 2 that was supported on HZSM-5 zeolite [11, 13] . Anatase TiO 2 crystal growth is restrained after loading on the surface of HZSM-5 particles [8, 24] . TiO 2 crystals tend to distribute on the surface of HZSM-5 particles, especially for the B-TiO 2 (x%)/HZSM-5 composites with small B-TiO 2 content. The doping of boron in anatase TiO 2 usually causes crystal refinement effect, while nano-sized TiO 2 is considered to have good photocatalytic activity. Although the original purpose of supported photocatalyst is to solve the problem of solid-wastewater separation, it is interesting that the supported photocatalyst has higher photocatalytic activity than the unsupported powders. Fig. 3 shows the SEM images of B-TiO 2 (x%)/HZSM-5 composites, unsupported B-TiO 2 , and HZSM-5 zeolite. The well crystallized HZSM-5 particles have regular octahedral shape in the size of 1 m × 3 m × 5 m, and such HZSM-5 particles can be observed in Fig. 3 (e). Meanwhile, there are also some small HZSM-5 fragments among the large crystallized HZSM-5 particles. The shape of the unsupported B-TiO 2 par-ticles is irregular, and the particle size can be as large as several micrometers, as shown in Fig. 3(d) . The B-TiO 2 sample was ground before characterization, so that there are many small particles in the sample. Calcination of the material after sol-gel transformation has significant effect on TiO 2 particles aggregation. Fig. 3 (a-c) give the surface morphologies of the supported B-TiO 2 (x%)/HZSM-5 composites with B-TiO 2 loading contents of 10%, 20% and 50%. Ti-OH is formed in the sol during controlled hydrolysis of tetrabutyl titanate in the precursor. Dehydration of Ti-OH leads to formation of Ti-O-Ti structure in the gel after sol-gel transformation, resulting in combination of the HZSM-5 particles. The small particles are also combined with the large ones, so that separation of water and the B-TiO 2 (x%)/HZSM-5 particles is much easier than using fine B-TiO 2 powders. Fig. 4 shows the TEM images of B-TiO 2 and B-TiO 2 (20%)/HZSM-5 in two magnifications. The crystallite size of B-TiO 2 in Fig. 4 (a1,a2) is around 10 nm, which is in accordance with the value calculated from the XRD pattern. The B-TiO 2 crystals may interact with others to form large aggregates, and large B-TiO 2 particles can be produced after further agglomeration of the small B-TiO 2 aggregates. The supporting of B-TiO 2 crystals on the surface of HZSM-5 particle can be clearly shown in Fig. 4(b1,b2) . The content of B-TiO 2 is 20% in the sample B-TiO 2 (20%)/HZSM-5, and there is a thin layer of B-TiO 2 crystals loading on HZSM-5 particles. Fig. 4 (b1,b2) reveal the well dispersion of B-TiO 2 crystals on the external surface of HZSM-5, and in this case, the aggregation of B-TiO 2 crystals is reduced.
Photocatalytic degradation of ofloxacin
Results and discussion
Characterization results
As shown in Fig. 4 (b1,b2), the thickness of B-TiO 2 layer is approximately 50 nm. UV photons can penerate into TiO 2 for a few hundred nanometers. Based on this situation, the B-TiO 2 layer supported on HZSM-5 particles can all take part in photon-absorption and the subsequent degradation process. The particle size of the unsupported B-TiO 2 particles can be as large as several micrometers, and most part of the bulk material cannot be applied to photocatalytic degradation process. On the other hand, the interaction between B-TiO 2 and HZSM-5 zeolite cannot be ignored. Cozens et al. reported the role of NaY zeolite in mediation of electron and hole migration over vacant in the zeolite, leading to long-lived charge separated species within the zeolite cavities [25] . Photogenerated electrons in the B-TiO 2 layer can be transferred to the vacant in the zeolite, since the thin B-TiO 2 layer is closely attached to HZSM-5 zeolite. Fig. 6(a) . The adsorption-desorption isotherm of the unsupported B-TiO 2 is classified as type IV isotherm, which reveals mesoporous character of the material. The type IV adsorptiondesorption isotherm has an apparent hysteresis loop, and the isotherm of B-TiO 2 has a type H1 hysteresis loop. The hysteresis loop locates in N 2 relative pressure between 0.5 and 0.8. When N 2 relative pressure is higher than 0.8, the increment of the adsorbed N 2 quantity is quite slow. All the abovementioned characters of the adsorption-desorption isotherm demonstrate the mesoporous character of the unsupported B-TiO 2 . The slow increase of adsorbed N 2 quantity at high N 2 relative pressure shows that the material does not have notable micropore or macropore, and the type H1 hysteresis loop in the isotherm of B-TiO 2 reveals a narrow pore size range of the mesopores in the material.
HZSM-5 zeolite has micropores in the pore size around 0.6 nm. The adsorption-desorption isotherm of HZSM-5 zeolite is the type I isotherm. The surface of the micropores in HZSM-5 zeolite can be occupied at low N 2 relative pressure, and the adsorbed quantity of N 2 is maintained in a plateau during subsequent increase of N 2 relative pressure. The adsorbed N 2 number has an apparent increase at the saturation pressure of N 2 , due to capillary condensation of N 2 molecules in the pores of HZSM-5 zeolite. At the same time, there is also a type H4 hysteresis loop in the isotherm of HZSM-5 zeolite. This type of hysteresis loop represents zeolite or active carbon that has slits in narrow size.
From the above-mentioned observations, we can know that B-TiO 2 is a mesoporous material and HZSM-5 zeolite is a microporous material. The N 2 adsorption-desorption isotherms of B-TiO 2 (x%)/HZSM-5 composites present both the characters of mesopores and micropores. The adsorbed N 2 number decreases with rising B-TiO 2 loading content in the composites when N 2 relative pressure is below 0.8. N 2 molecules are adsorbed on the surface of the material in monolayer or multilayer. The difference in adsorbed N 2 number is attributed to the available surface area of the material, Surface area is larger in the composite containing smaller content of B-TiO 2 . Capillary condensation of N 2 molecules in the pores occurs at saturation pressure of N 2 . At the saturation pressure, the adsorbed N 2 number is almost the same for all the materials. It is interesting to see that the pore volume in B-TiO 2 is almost as same as HZSM-5 zeolite, although pore size is different for them. Fig. 6(b) shows mesopore size distributions in B-TiO 2 (x%)/HZSM-5, B-TiO 2 and HZSM-5 zeolite. There is almost no mesopore in HZSM-5 zeolite, and pore size in B-TiO 2 is within a narrow range between 3 nm and 8 nm. The B-TiO 2 layer contributes nearly all the mesopores in the B-TiO 2 (x%)/HZSM-5 composite. Fig. 6 (c) compares micropore size distributions in B-TiO 2 (20%)/HZSM-5 and HZSM-5 zeolite. Since the weight percentage of B-TiO 2 is only 20% in the B-TiO 2 (20%)/HZSM-5 composite, micropore volume in B-TiO 2 (20%)/HZSM-5 is slightly smaller than HZSM-5 zeolite. The micropores in HZSM-5 zeolite are not blocked after loading a thin B-TiO 2 layer on the surface of HZSM-5 zeolite. As a result, the B-TiO 2 layer is reasonably loaded on the external surface of the zeolite and does not enter into the inner micropores. This phenomenon is also observed in the TEM images of the materials. The precursor did not penetrate into the micropores of HZSM-5 zeolite in sol-gel synthesizing route. Table 2 gives the BET surface area, average pore size, and pore volume of B-TiO 2 , HZSM-5 and B-TiO 2 (x%)/HZSM-5. The values in the table prove the conclusions obtained from Fig. 6 . The surface area and pore volume of the B-TiO 2 (x%)/HZSM-5 are contributed by both B-TiO 2 and HZSM-5. The average pore size of B-TiO 2 is 7.1 nm, which decreases with declining B-TiO 2 loading content. Total pore volume of the material varies slightly with B-TiO 2 loading content. HZSM-5 zeolite has many micropores although pore volume of single micropore is much smaller than mesopore in B-TiO 2 . Surface area of photocatalyst is essential to absorbing photons in the initiating step of photocatalytic degradation process. The porous HZSM-5 zeolite with large surface area is a suitable support for B-TiO 2 . As stated before, B-TiO 2 particles aggregation is prohibited after dispersing a thin layer of B-TiO 2 on the external surface of HZSM-5 zeolite. The highly dispersed B-TiO 2 crystals will inevitably provide more surface area to absorb incoming photons and to adsorb pollutant as well. Fig. 7 shows the XPS Ti2p and O1s spectra of B-TiO 2 and B-TiO 2 (20%)/HZSM-5 composite. The Ti2p electron binding energy peaks of B-TiO 2 are as similar as B-TiO 2 (20%)/HZSM-5, except that the former peaks have higher intensity. The binding energies of Ti2p 1/2 and Ti2p 3/2 electrons are 464.7 eV and 459.1 eV, respectively. The distance between the two binding energy peaks is 5.6 eV, representing the status of fully oxidized Ti 4+ oxidation state [27] . The binding energies of Ti2p electrons do not change after supporting on the surface of HZSM-5 zeolite.
Since oxygen exists in both B-TiO 2 and HZSM-5 zeolite, the XPS O1s spectra of B-TiO 2 and B-TiO 2 (20%)/HZSM-5 composite are more complex, as shown in Fig. 7(b) . The O1s electrons in the spectrum of B-TiO 2 have three binding energy peaks situated at 531.9, 530.5 and 530.1 eV. Oxygen and hydroxyl group adsorbed on the surface of the materials have two binding energy peaks at 531.9 eV and 530.5 eV. The other binding energy peak at 530.1 eV is related to Ti-O bonding in B-TiO 2 [11] . These binding energy peaks can also be found in the O1s spectrum of B-TiO 2 (20%)/HZSM-5 composite. Meanwhile, two extra peaks at 532.7 eV and 533.3 eV in the spectrum can be assigned to oxygen in Si O and Al O bonds in the HZSM-5 zeolite [11, 28] . Based on the analyses of the XPS Ti2p and O1s spectra, we can find that the chemical environments of both titanium and oxygen in B-TiO 2 are not affected by HZSM-5 zeolite. There is no reaction between HZSM-5 zeolite and the supported B-TiO 2 layer.
Photoluminescence spectrum of photocatalyst is used to study photogenerated electron-hole recombination efficiency. Fig. 8 shows photoluminescence spectra of Although photocatalyst in supported form usually is not as active as the powder form, this is not the case for HZSM-5 supported B-TiO 2 . As shown in Fig. 9(a) , the B-TiO 2 (x%)/HZSM-5 composites have higher photocatalytic activity than the unsupported B-TiO 2 . The optimum B-TiO 2 loading content is 20%, and the sample B-TiO 2 (20%)/HZSM-5 has the maxi-mum efficiency on photocatalytic degradation of ofloxacin. 55.3% of the original ofloxacin molecules were degraded on B-TiO 2 (20%)/HZSM-5 after 30 min of irradiation. The mechanism for improved photocatalytic activity of B-TiO 2 after loading on HZSM-5 can be complex, and at present, it needs to clarify what causes the optimum loading content. Dispersion of B-TiO 2 as a layer on HZSM-5 zeolite is beneficial to both absorption of irradiating photons and adsorption of ofloxacin molecules from solution. On the other hand, since the same amount of B-TiO 2 was used to evaluate the activity of different material, more HZSM-5 existed in the solution when the B-TiO 2 (x%)/HZSM-5 with low B-TiO 2 content was used. Although the solution was stirred throughout the degradation process, the particles in deep solution were not involved in the process. Fig. 9(b) illustrates the effects of photocatalyst dosage on ofloxacin removal efficiencies. B-TiO 2 (20%)/HZSM-5 was used as the photocatalyst since it has the strongest activity. Both the adsorption efficiency and photocatalytic degradation efficiency increase with rising photocatalyst dosage, especially at low photocatalyst dosage. The adsorption efficiency has a relative linear relationship with the amount of B-TiO 2 . When B-TiO 2 dosage is more than 400 mg/L, the increase of photocatalytic degradation efficiency is very small and may slightly decrease when B-TiO 2 dosage is more than 600 mg/L. After photocatalyst dosage reaches the optimal amount, not all the powders can absorb enough irradiation. In this work, 400 mg/L of B-TiO 2 was applied in photocatalytic degradation of ofloxacin.
Photocatalytic degradation of ofloxacin
Photocatalytic degradation of ofloxacin on the materials was examined with extended irradiation time, as presented in Fig. 10(a) . Ofloxacin can be degraded on the materials after enough time. Fully degradation of ofloxacin in the solution can be achieved in 90 min, using B-TiO 2 (20%)/HZSM-5 as the photocatalyst. The other B-TiO 2 (x%)/HZSM-5 composites also have higher activity than the unsupported B-TiO 2 . Photocatalytic degradation of ofloxacin follows the first order reaction law. Fig. 10 The B-TiO 2 (20%)/HZSM-5 sample was reused to examine the stability on ofloxacin degradation. After each photocatalytic degradation cycle, the solution was mixed with ofloxacin stock solution to restore the initial ofloxacin concentration. 98.0% of the total ofloxacin molecules are degraded after 90 min of photocatalytic reaction. There is a slight decrease in degradation efficiency for the next cycles, and the degradation efficiency is 93.5% in the fifth cycle.
Based on the experimental results in this work, we would try to clarify photocatalytic activity enhancing mechanism of the supported B-TiO 2 (x%)/HZSM-5 composite. Even though the essential purpose of preparing supported photocatalyst is to facilitate water-solid separation after wastewater treatment, it is absolutely interesting to enhance the activity of the material at the same time. It is difficult to find a promising suppor with such functions. HZSM-5 zeolite is an interesting material that has sufficient microporous structure. The functions of HZSM-5 zeolite in improving the activity of B-TiO 2 must be complex. As we understand in the current work, the dispersion of a thin B-TiO 2 layer on the external surface of HZSM-5 zeolite plays the key role. More surface area of B-TiO 2 is available in B-TiO 2 (x%)/HZSM-5 composite. The shrinkage of anatase TiO 2 crystals after supporting might have a minor influence either, since it is believed that small TiO 2 crystals have good activity. Fig. 11 shows the UV-vis spectra of ofloxacin solution during photocatalytic degradation on B-TiO 2 (x%)/HZSM-5 and B-TiO 2 . Photocatalytic oxidation not only causes the breaking up of ofloxacin molecules, but also results in decomposition of the major functional groups of the pollutant. As shown in Fig. 1 , the main functional groups in ofloxacin molecule are the quinolone substituent, the benzoic ring, and the piperazinyl and oxazinyl groups. Ofloxacin molecule does not absorb photons in the wavelength above 400 nm. There are four major absorption peaks in the ultraviolet region in the UV-vis spectrum of original ofloxacin solution. The strongest absorption peak at 288 nm is used to determine the concentration of ofloxacin solution using a Agilent 1260 HPLC. This absorption is caused by the quinolone substituent of ofloxacin molecule. The absorption peaks situated at 226 nm and 330 nm are attributed to the piperazinyl and oxazinyl groups in ofloxacin, while the other absorption at 255 nm is due to -* excitation in benzoic ring [6, 24] .
These functional groups in ofloxacin molecule can be decomposed during photocatalytic oxidation process. The absorption intensities of these groups are reduced gradually with extended irradiation time. The fastest ofloxacin degradation rate appears in the solution containing B-TiO 2 (20%)/HZSM-5. On the other hand, all these four absorption peaks disappear almost at the same time, and it is hard to find a priority for individual functional group. The oxidative reagents formed on the materials seem to have enough power to degrade the whole ofloxacin molecule.
A brief mechanism for ofloxacin degradation can be proposed. Electrons and holes are generated after absorbing the incoming photons by the B-TiO 2 (x%)/HZSM-5 composite. Since these charge carriers have very short lifetime, the electrons have to migrate to the surface of the material as soon as possible. The electrons can react with O 2 to produce •O 2 − , and the holes in the valence band react with H 2 O to produce •OH. These oxidative species take part in the subsequent degradation of ofloxacin.
Conclusions
B-TiO 2 (x%)/HZSM-5 composites were prepared by loading B-TiO 2 on the surface of HZSM-5. TiO 2 was in anatase phase in both B-TiO 2 and the composites. Anatase TiO 2 crystal growth was restrained after loading on the surface of HZSM-5 parti- 
